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Current induced spin-orbit magnetic fields (iSOFs), arising either in single-
crystalline ferromagnets with broken inversion symmetry1,2 or in non-magnetic 
metal/ferromagnetic metal bilayers3,4, can produce spin-orbit torques which act 
on a ferromagnet’s magnetization, thus offering an efficient way for its 
manipulation. To further reduce power consumption in spin-orbit torque devices, 
it is highly desirable to control iSOFs by the field-effect, where power 
consumption is determined by charging/discharging a capacitor5,6. In particular, 
efficient electric-field control of iSOFs acting on ferromagnetic metals is of vital 
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importance for practical applications. It is known that in single crystalline 
Fe/GaAs (001) heterostructures with C2v symmetry, interfacial SOFs emerge at 
the Fe/GaAs (001) interface due to the lack of inversion symmetry7,8. Here, we 
show that by applying a gate-voltage across the Fe/GaAs interface, interfacial 
SOFs acting on Fe can be robustly modulated via the change of the magnitude of 
the interfacial spin-orbit interaction. Our results show that, for the first time, the 
electric-field in a Schottky barrier is capable of modifying SOFs, which can be 
exploited for the development of low-power-consumption spin-orbit torque 
devices. 
 
      Experiments in non-magnetic metal (NM)/ferromagnetic metal (FM) hetero-
structures, have shown that current induced interfacial non-equilibrium spin 
polarization due to spin-orbit interaction, originating either from the Rashba effect at 
the NM/FM interface3 or the spin Hall effect in the bulk of NM4, can be used to 
reverse the magnetization direction of ferromagnets, thus paving the way for the 
developement of low-power consumption magnetic memory devices. It is convenient 
to parameterize the current-induced non-equilibrium spin polarization as effective 
spin-orbit magnetic field (iSOFs)1,9, where the magnitude of iSOFs is proportional to 
the applied current density in the NM10. To efficiently reorientate the magnetization 
using low currents, materials with large charge-to-spin conversion efficiency have 
been searched for and remarkable progress has been made in the past few years11-16. 
An alternative route towards efficient manipulation of magnetization is electric-field 
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control, e.g., using a capacitor structure where the energy consumption is, in principle, 
determined by charging/discharging the capacitor6.   
      Consequently, to further reduce power consumption in spin-torque devices, field-
effect control of the iSOFs is highly desirable. Recently, it has been shown that 
electric-field control of current-induced effective magnetic fields can be realised in a 
magnetic topological insulator via a top gate by which the Fermi level within the 
Dirac bands gets shifted17. However, research on electric-field control of iSOFs acting 
on ferromagnetic metals, i.e., in NM/FM bi-layers, is just at its beginning18. Here, the 
experimental difficulty is that spin-orbit interaction at NM/FM interfaces can not be 
tuned effectively as the short screening length in metals shields external electric-
fields18,19. 
      Besides NM/FM bilayer systems, also single crystalline ferromagnets lacking 
space-inversion symmetry, feature iSOFs which can induce spin-orbit torques acting 
on the ferromagnet itself1,2. Recent examples are bulk (Ga,Mn)As1,2,20,21, NiMnSb22 
and Fe/GaAs (001)8. For (Ga,Mn)As and NiMnSb, the iSOFs occur mainly in the bulk 
resulting from the ferromagnets’ bulk inversion asymmetry; while for Fe/GaAs (001), 
the iSOFs have an interfacial origin7, thus enabling electric-field control. Here, we 
report electric-field control of iSOFs at the Fe/GaAs (001) interface. By applying a 
gate-voltage across the interface, the interfacial spin-orbit field-vector acting on Fe 
can be varied.       
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Figure 1 | Electric-field modulation of spin-orbit fields at the Fe/GaAs (001) 
interface. Schematic band bending of a Fe/n-GaAs Schottky diode under reverse (a) 
and forward (b) bias. (c) Calculated interfacial electric-field Ein obtained by solving 
the one-dimensional Poisson equation for the non-constant doping profile of n-GaAs 
(Methods). The magnitude of interfacial spin-orbit interaction is proportional to Ein. 
Wave-vector k dependence of Rashba- (d) and Dresselhaus (e) spin-orbit fields which 
dominate at the epitaxial Fe/GaAs interface with C2v symmetry. 
 
    The mechanism of the electric-field modulation is shown in Fig. 1. Due to the C2v 
symmetry of the interface, Bychkov-Rashba- and Dresselhaus-like spin-orbit 
interaction emerges at the Fe/GaAs (001) interface, and the corresponding k-space 
dependence of the equilibrium spin-orbit magnetic fields, SOFs, heff can be written 
as23            
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where 0 is the magnetic constant, B is Bohr’s magneton, kx (ky) is the wave-vector k 
along the [100] ([010]) direction, and ( characterizes the strength of the 
Dresselhaus (Bychkov-Rashba) spin-orbit coupling. The magnitude of  and 
depends linearly on the interfacial electric-field Ein,  
 
                                             = CEin and  = CEin,                                                (2) 
 
where C (C) is the coefficient of Dresselhaus (Bychkov-Rashba) spin-orbit 
interaction24. The sample investigated here is a Fe/n-GaAs heterostructure, in which 
Ein consists of the internal built-in electric-field (pointing from GaAs to Fe due to the 
larger work function of n-GaAs25) and the external electric-field with its direction 
depending on the polarity of gate-voltage VG. The advantage of the Fe/n-GaAs 
Schottky tunnel junction is that the depleted n-GaAs below the Fe layer serves as a 
dielectric insulator across which an external electric-field can be applied (Figs. 1a and 
b), e.g., biasing in reverse (forward) direction increases (decreases) Ein. Thus, by 
tuning the gate-voltage, both strength and direction of the SOFs can be tuned. The 
calculated VG dependence of Ein of the device layout is presented in Fig. 1c 
(Methods), which shows an essentially linear behavior within the investigated VG 
range.  
    Below we demonstrate electric-field tuning of iSOFs in epitaxially grown Fe/n-
GaAs samples with different Fe thickness and n-GaAs doping concentrations. All 
samples show consistent results and we focus here on data taken from the sample with  
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Figure 2 | Electric-field modulation of induced spin-orbit fields measured by 
spin-orbit ferromagnetic resonance. (a) Schematic of the circuit and device 
structure for spin-orbit ferromagnetic resonance measurements. A microwave current 
j(t), generated by a signal generator, passes through a bias tee into the Fe/GaAs (001) 
layer, where time dependent interfacial iSOFs h(t) are generated due to the spin-orbit 
interaction at the Fe/GaAs interface. h(t) drives the magnetization dynamics M(t), and 
leads to a resistance variation R(t) due to the anisotropic magneto-resistance of Fe. 
The coupling between R(t) and j(t) produces a rectified d.c. voltage V. By measuring 
V, the magnitude of the interfacial iSOFs can be quantified. To modulate the iSOFs by 
an electric-field, Fe/n-GaAs samples have been used, where a Schottky barrier is 
formed at the interface. Thus, by adding a gate-voltage VG between Fe and n-GaAs, 
the magnitude of the iSOFs can be controlled. Here, M is the magnetization angle 
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with respect to the [100] orientation of GaAs. (b) d.c. voltage spectra for several gate-
voltages for a [100]-oriented device measured at a microwave frequency of 12.5 GHz 
and M = 225°. The input microwave power is 10 mW. An offset voltage, Voffset, has 
been subtracted. (c) Typical Lorentzian fit of the voltage spectrum, from which the 
magnitudes of Vsym and Va-sym are obtained. (d) VG dependence of Va-sym and Vsym for 
M = 225°. Magnetization angle M dependence of Va-sym (e) and Vsym (f) under 
different VG for a [100]-oriented device. The solid lines in (e) and (f) are fits to Eqs. 3 
and 4, respectively. 
 
4-nm Fe thickness. Fe stripes with dimension of 10 m × 200m oriented along four 
main crystal directions, i.e., [100], [110], [010], and [110], which determine the 
prevailing k-vector directions, are fabricated by electron-beam lithography (for 
example, see Fig. 2a for a [100]-orientated device and Methods). To quantify the 
magnitude of the interfacial iSOFs, we use the spin-orbit ferromagnetic resonance 
technique8,20. Microwaves with a power of 10 mW and a frequency of 12.5 GHz are 
applied to the Fe stripe through a bias tee. The rectified d.c. voltage spectrum induced 
by the anisotropic magneto-resistance effect of Fe is measured by sweeping an 
external magnetic field H across the ferromagnetic resonance (FMR) of Fe. For 
measuring the gate-voltage dependence of the d.c. voltage, a gate-voltage VG is 
applied across the Fe/n-GaAs interface (Methods). Since the detection direction of the 
d.c. voltage is parallel to the microwave current, the dynamic tunneling anisotropic 
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magneto-resistance effect26 and the dynamic Hanle effect27, only detectable transverse 
to the microwave current, cannot contribute to the signal.  
        Figure 2b shows the d.c. voltage spectra as a function of VG at a magnetization 
angle M of 225° for the [100]-oriented device measured at room temperature. The 
modulation of the spectra with VG is evident. As shown in Fig. 2c, each spectrum can 
be well fitted by combining a symmetric (Lsym = H2 / [4(HHR)2 + H2]) and an 
anti-symmetric Lorentzian (La-sym = 4H(HHR) / [4(HHR)2 + H2]), VVoffset = 
VsymLsym + Va-symLa-sym, where HR is H at FMR, H is the full width at  half maximum, 
Voffset is the offset voltage, and Vsym (Va-sym) is the magnitude of the symmetric (anti-
symmetric) component of the d.c. voltage. The fitting procedure gives values for HR, 
H, Vsym and Va-sym. The results show that both HR and H do not depend on VG, 
indicating that the bulk magnetic properties of Fe are not influenced by the external 
electric-field (see Supplementary Information). However, a clear modification of Va-
sym and Vsym is observed in Fig. 2d. The dependence of Va-sym and Vsym on VG shows 
distinctly different slopes, indicating different origins for Va-sym and Vsym (see 
Supplementary Information). 
        Figure 2e shows the dependence of Va-sym on magnetization direction M at VG of 
0.88 V, 0.34 V and +0.07 V for the [100]-oriented device. A clear modulation of Va-
sym by VG can be seen. By analyzing the angular dependence, the magnitude of the in-
plane iSOFs at each VG can be extracted using 
                             [100] Re sin cos sin 2 ,2 I I IFea sym D RM M Mj lV h hM                         (3) 
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Figure 3 | Gate-voltage dependence of in-plane induced spin-orbit fields. VG 
dependence of in-plane Bychkov-Rashba- (a) and Dresselhaus- (b) iSOFs obtained 
from the [100]-oriented device. The solid lines are linear fits, and the modification 
rate of Rashba-iSOF mRI and Dresselhaus-iSOF mDI is obtained from the slopes. (c) 
Absolute value of mRI and mDI for devices along [100] and [010] directions. The 
magnitude of |mR| is larger than |mD| for both orientations. The error bars in (c) are 
standard deviation from the linear fits. 
 
where hDI (hRI) is the current induced in-plane iSOF due to Dresselhaus (Bychkov- 
Rashba) spin-orbit interaction,  is the magnitude of the anisotropic magneto-
resistance of Fe, jFe is the microwave current density in Fe, l is the length of the 
device, M is the magnetization, and Re(I) is the real part of the diagonal component 
of the magnetic susceptibility due to in-plane excitation8. The magnitude of , jFe, M 
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and Re(I) is confirmed to be VG independent (see Supplementary Information). Thus, 
by using constant values of 0M = 2.1 T, = 1.1×109 m, l = 200 m and jFe = 
1.0×1010 Am2, the angular dependence of Va-sym at each VG can be well reproduced by 
Eq. (3) using hDI and hRI as adjustable parameters. The extracted values of hRI and hDI 
are shown as a function of VG in Figs. 3a and b, respectively. One can see that the 
absolute value of hRI and hDI increases (decreases) at negative (positive) VG. Besides 
the polarity, the dependence of hRI (hDI) on VG is basically linear, which is expected 
from the calculated linear dependence of the interfacial electric-field on VG (see Fig. 
1c and Ref. 28). The modification rate can be quantified by the slope m extracted from 
the linear fits (solid lines). As shown in Fig. 3c, for both [100] and [010] orientations, 
|mRI| is ~ 5 times larger than |mDI|, indicating that the modulation rate of the in-plane 
iSOFs originating from the Bychkov-Rashba spin-orbit interaction is larger than that 
from the Dresselhaus one. The different amplitudes of |mRI| and |mDI| also exclude the 
possibility that the observed modulation is an artifact due to changes of jFewith VG. If 
the modulation were dominated by a VG dependent jFe, |mRI| would be equal to |mDI| 
according to Eq. 3 (see Supplementary Information). We also show in the 
Supplementary Information that other possible excitations, e.g., the Oersted field as 
well as the bulk Dresselhaus field induced by the inductive microwave current in un-
depleted n-GaAs, are negligibly small. 
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Figure 4 | Tuning of in-plane induced spin-orbit fields. Polar plot of in-plane 
iSOFs. The arrows represent direction and relative strength of heff, heff = hRI + hDI, 
along the four main directions for a current density of 1×1010 Am2. Note that the 
magnitude of the iSOFs for [110] has been amplified by a factor of 10, and the orange 
arrows along [110] and [110] orientations have been shifted for clarity. The solid lines 
show the polar plot of the spin-orbit energy splitting, SO = 2B|0heff| for VG = 0.88 
V and +0.07 V. The full angular dependence of |heff| is extrapolated from the 
magnitude of field-vectors along the four main orientations. 
 
        The complete angular  dependence of the in-plane iSOFs, which is obtained from 
devices oriented along the four main crystal directions, is shown as a polar plot in Fig. 
4 for VG = 0.88 V and +0.07 V. In the plot, the lengths of the arrows represent the 
magnitude (|heff| = |hRI + hDI|), and the angles between the arrows and current 
directions represent the direction of the iSOFs. For the [100] ([010]) direction, both 
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directions, where only the length of the arrows is modified by VG as expected from the 
k-space alignment of Bychkov-Rashba and Dresselhaus SOFs (see Figs. 1d and e). 
These results clearly demonstrate an electric-field modulation of the spin-orbit field-
vectors. Note that the length of the arrow along [110] is much larger than that along 
[110] (the amplitude for [110] has been amplified by a factor of 10), which is due to 
the fact that Dresselhaus and Bychkov-Rashba fields add along [110] but get 
subtracted along [110] (see Figs. 1d and e). The dramatic amplitude difference for 
[110] and [110] directions also excludes the Oersted field in Fe as a possible driving 
force for the magnetization dynamics. Moreover, as shown by the solid lines in Fig. 4, 
the modulation effect becomes much clearer from the polar plot of the spin-orbit 
energy splitting, SO = 2B|0heff|23. Here, the full angular dependence of |heff| is 
extrapolated from the magnitude of the magnetic field-vectors obtained from devices 
for four main orientations.  
        Besides the in-plane iSOFs, the presence of Vsym also implies the existence of a 
sizeable out-of-plane iSOF, hz, which is due to the combined effects of in-plane spin 
polarization and exchange coupling8,21,29. The out-of-plane iSOFs act on the 
magnetization and produce an anti-damping like torque. Similar out-of-plane spin 
polarization has also been observed in nonmagnetic semiconductor structures caused 
by the joint effect of in-plane spin polarization and Zeeman coupling through an 
external magnetic field30-32. However, the coupling (Zeeman field ~ 105 eV) in 
semiconductors is much smaller than that in ferromagnets with reduced symmetry 
(exchange field ~ 30 meV for GaMnAs and ~ 1 eV for Fe). The magnitude of hz is  
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Figure 5 | Gate-voltage dependence of the out-of-plane induced spin-orbit fields. 
(a) Gate-voltage VG dependence of the out-of-plane induced spin-orbit fields 
originating from Bychkov-Rashba (a) and Dresselhaus (b) spin-orbit interaction for 
the [100]-oriented device. The solid lines in (a) and (b) are linear fits to the 
experimental data. From the slope, the modification rate of hRz and hDz is obtained. (c) 
Absolute values of mRz and mDz obtained from the linear fits of the out-of-plane iSOFs 
for devices along [100] and [010] directions. The error bars in (c) are standard 
deviation from the linear fits. 
 
magnetization direction dependent8,21. Taking the [100]-oriented device as an 
example, the dependence can be expressed as, hz = hRzcosM hDzsinM, where hRz 
(hDz) originates from Bychkov-Rashba (Dresselhaus) spin-orbit interaction8. Thus, the 
M dependence of Vsym shown in Fig. 2f can be described by 
                  [100] Im cos sin sin 22 O z zsym a R DFe M M Mj lV h hM      ,                    (4) 
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where Im(aO) is the imaginary part of the off-diagonal component of the magnetic 
susceptibility due to the out-of-plane excitation8. The obtained gate-voltage 
dependence of hRz and hDz is summarized in Figs. 5a and b, respectively. Similar to the 
in-plane case, a clear modulation can be seen and the modulation amplitude of hRz is 
larger than hDz, indicating again a stronger modulation of the Bychkov-Rashba spin-
orbit interaction.  
        Now, we discuss the mechanism for the electric-field modulation of iSOFs. 
According to Eqs. 1 and 2, the modulation is directly related to the modulation of the 
strength of the spin-orbit interaction. This modulation can be in general different for 
hR and hD, as the two fields originate from two inequivalent spatial crystal orientations 
[110] and [110] at the Fe/GaAs interface7. We indeed see that the electric-field 
modification of the Bychkov-Rashba and Dresselhaus field is different, see Figs. 3c 
and 5c. The smaller |mD| is consistent with previous measurements in semiconductor 
quantum wells33-35, where the magnitude of Dresselhaus spin-orbit interaction is less 
sensitive to the external electric-field compared to Bychkov-Rashba spin-orbit 
interaction. The different gate dependences for in-plane and out-of-plane components 
of both Bychkov-Rashba- and Dresselhaus-SOFs have another origin. The in-plane 
iSOFs are formed by spin accumulation  at the Fermi level36, while, the out-of-
plane iSOFs originate from the whole bands, known as intrinsic effect8,21,29. Another 
possible origin of hz could be the spin-transfer torque effect due to the absorption of 
in-plane spin accumulation37,38, i.e., hz ~ M×as in case of NM/FM bi-layers. If hz 
originates dominantly from spin-transfer torque, applying negative gate-voltage can 
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only decrease the absorption and thus hz. Since we observe a clear increase of hz at 
negative bias, spin-transfer torque effects can also be excluded. 
      The magnitudes of mR and mD are sizeable. Density function theory (DFT) results 
have predicted an efficient control of interfacial spin-orbit field for transverse electric-
fields of the order of 1 V/nm (see supplementary material of Ref. 7). Our electric-
fields are much smaller, about 0.01 V/nm. In DFT calculations thin slabs of Fe/GaAs 
without doping were studied, while our structure comprises a wide (~100 nm) 
Schottky barrier. In thin slabs large electric-fields are needed to modify the interfacial 
orbital hybridization between Fe and GaAs atoms to change interfacial spin-orbit 
field. In our samples we believe that we have interfacial states that penetrate deep 
enough into GaAs to get influenced by the Schottky barrier. Applying the gate-voltage 
then changes the barrier which, in turn, changes the overlap of the interfacial electron 
states with Fe. The modification of SOFs follows, since they are determined by the 
interfacial overlap. The assumption, that we have an additional conducting interfacial 
channel, that leads effectively to spin accumulation, is supported by the sizeable 
interfacial resistance at reverse gate-voltage in the junctions (~ 0.19 k/m2 for VG = 
0.5 V, see Fig. S1b).  
      Finally, we want to mention that in conventional approaches of electrically 
controlling iSOFs acting on a ferromagnetic metal18, a top-gate field-effect transistor 
has been utilized to change the carrier population of the magnetic material. As a 
consequence, effective control of the iSOFs acting on the ferromagnetic metal 
requires that the thickness of the ferromagnet should be ultra-thin (usually below 1 
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nm) due to the short screening length of a metal. However, the method presented here, 
i.e., voltage control by changing the magnitude of the interfacial spin-orbit interaction 
in a Schottky diode, is distinctly different from the conventional approach, and not 
limited by the thickness of the ferromagnetic metal (4 nm in this study). This unique 
approach thus provides an alternative way of electric-field control. The efficient 
electric-field control suggests that an electric-field in a Schottky diode can be used for 
the development of low-power consumption spin-orbit torque devices for 
magnetization manipulation.    
 
Methods: 
Calculation of interfacial electric-field. To calculate the interfacial electric-field Ein 
for Fe/n-GaAs, we solve the one-dimensional Poisson equation, d2/dx2 = /r0, 
where  is electric potential,  is charge density, r is the relative permittivity, and 0 is 
the permittivity in vacuum. In the calculation, the work function of Fe is set to 4.7 eV, 
and the electron affinity of GaAs is 4.15 eV. Since the experiment is carried out at 
room temperature, we consider all the donors of n-GaAs to be ionized, thus the donor 
concentration ND is equal to the carrier concentration n. The 15 nm graded n→n+ 
junction is discretized into 5 steps, and the Fermi-Dirac statistics has been employed. 
Having obtained the distribution of on x, the interfacial electric-field at each gate-
voltage can be determined from Ein = d/dx|interface. 
Sample preparation. The Fe/n-GaAs heterostructure utilized in this experiment is 
grown on semi-insulating GaAs (001) substrates in a molecular-beam epitaxy cluster. 
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The semiconductor part is grown in a III-V MBE, consisting of the following layers: a 
100-nm undoped GaAs buffer layer, 250 nm Si-doped n-GaAs layer with carrier 
concentration of 4×1016 cm3, a 15 nm n → n+ transition layer, and a 10 nm n+-GaAs 
layer with carrier concentration of 1×1018 cm3. The thickness and carrier density of 
the n-GaAs layers have been designed to minimize the inductive microwave current 
density in non-depleted GaAs, which could drive the magnetization dynamics through 
Oersted field and bulk-Dresselhaus field (see Supplementary Information). After that, 
the wafer is transferred to a metal MBE without breaking the vacuum, and 4-nm-thick 
Fe is deposited epitaxially. To avoid Fe oxidation, 2.5-nm thick Al capping layer is 
also deposited in the same chamber, which is estimated to be fully oxidized in air. The 
growth temperature for Fe is 75 oC. 
Device. First, a Fe/n-GaAs mesa with dimension of 200 m × 900 m is defined by 
combining Ar ion-beam milling and chemical wet etching (CH3COOH:H2O:H2O2 = 
5:5:1) down to the insulating substrate. Then, SO-FMR Fe-stripes with dimensions of 
200 m × 10m are defined on the mesa and the residual Fe in the n-GaAs channel 
region is etched away. We also use Fe/n-GaAs with a large area of 400 m × 300m 
as remote contacts (Fig. 2a). Finally, Ti/Au electrodes and bonding pads are fabricated 
from 15 nm Ti and 300 nm Au by evaporation. Devices with different orientations 
have been fabricated to measure the symmetry of iSOFs under electric-field 
modulation. 
Measurements. As shown in Fig. 2a, microwave currents generated by the signal 
generator pass into the Fe stripe and drive the magnetization dynamics due to current 
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induced SOFs at the Fe/GaAs interface. The d.c. voltage is measured across the stripe 
due to the coupling of the microwave current and the magnetization dynamics through 
anisotropic magnetoresistance effect of Fe. A bias tee is used to separate the d.c. 
voltage from the microwave background. The microwave frequency is 12.5 GHz, and 
the microwave power is set as low as possible (10 mW in this experiment). Under this 
condition the IG-VG curve and thus the Schottky barrier remains unaffected by 
microwaves (see Supplementary Information). To modulate the SOF by external 
electric-fields, a bias current IG with different polarity is applied between the Fe stripe 
and the remote contact, which can be converted to a gate-voltage by the interfacial IG-
VG characteristic (see Supplementary Information). The measurements are performed 
between 0.88 V and +0.07 V. Since the d.c. bias-current (~ 2 A) produces a 
background voltage in the millivolt range, the d.c. voltage is detected by a lock-in 
amplifier by modulating the microwaves on and off at 888 Hz using a function 
generator. All measurements are performed at room temperature.  
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Figure captions 
Figure 1 | Electric-field modulation of spin-orbit fields at the Fe/GaAs (001) 
interface. Schematic band bending of a Fe/n-GaAs Schottky diode under reverse (a) 
and forward (b) bias. (c) Calculated interfacial electric-field Ein obtained by solving 
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the one-dimensional Poisson equation for the non-constant doping profile of n-GaAs 
(Methods). The magnitude of interfacial spin-orbit interaction is proportional to Ein. 
Wave-vector k dependence of Rashba- (d) and Dresselhaus (e) spin-orbit fields which 
dominate at the epitaxial Fe/GaAs interface with C2v symmetry. 
 
Figure 2 | Electric-field modulation of induced spin-orbit fields measured by 
spin-orbit ferromagnetic resonance. (a) Schematic of the circuit and device 
structure for spin-orbit ferromagnetic resonance measurements. A microwave current 
j(t), generated by a signal generator, passes through a bias tee into the Fe/GaAs (001) 
layer, where time dependent interfacial iSOFs h(t) are generated due to the spin-orbit 
interaction at the Fe/GaAs interface. h(t) drives the magnetization dynamics M(t), and 
leads to a resistance variation R(t) due to the anisotropic magneto-resistance of Fe. 
The coupling between R(t) and j(t) produces a rectified d.c. voltage V. By measuring 
V, the magnitude of the interfacial iSOFs can be quantified. To modulate the iSOFs by 
an electric-field, Fe/n-GaAs samples have been used, where a Schottky barrier is 
formed at the interface. Thus, by adding a gate-voltage VG between Fe and n-GaAs, 
the magnitude of the iSOFs can be controlled. Here, M is the magnetization angle 
with respect to the [100] orientation of GaAs. (b) d.c. voltage spectra for several gate-
voltages for a [100]-oriented device measured at a microwave frequency of 12.5 GHz 
and M = 225°. The input microwave power is 10 mW. An offset voltage, Voffset, has 
been subtracted. (c) Typical Lorentzian fit of the voltage spectrum, from which the 
magnitudes of Vsym and Va-sym are obtained. (d) VG dependence of Va-sym and Vsym for 
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M = 225°. Magnetization angle M dependence of Va-sym (e) and Vsym (f) under 
different VG for a [100]-oriented device. The solid lines in (e) and (f) are fits to Eqs. 3 
and 4, respectively.  
 
Figure 3 | Gate-voltage dependence of in-plane induced spin-orbit fields. VG 
dependence of in-plane Bychkov-Rashba- (a) and Dresselhaus- (b) iSOFs obtained 
from the [100]-oriented device. The solid lines are linear fits, and the modification 
rate of Rashba-iSOF mRI and Dresselhaus-iSOF mDI is obtained from the slopes. (c) 
Absolute value of mRI and mDI for devices along [100] and [010] directions. The 
magnitude of |mR| is larger than |mD| for both orientations. The error bars in (c) are 
standard deviation from the linear fits. 
 
Figure 4 | Tuning of in-plane induced spin-orbit fields. Polar plot of in-plane 
iSOFs. The arrows represent direction and relative strength of heff, heff = hRI + hDI, 
along the four main directions for a current density of 1×1010 Am2. Note that the 
magnitude of the iSOFs for [110] has been amplified by a factor of 10, and the orange 
arrows along [110] and [110] orientations have been shifted for clarity. The solid lines 
show the polar plot of the spin-orbit energy splitting, SO = 2B|0heff| for VG = 0.88 
V and +0.07 V. The full angular dependence of |heff| is extrapolated from the 
magnitude of field-vectors along the four main orientations. 
 
Figure 5 | Gate-voltage dependence of the out-of-plane induced spin-orbit fields. 
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(a) Gate-voltage VG dependence of the out-of-plane induced spin-orbit fields 
originating from Bychkov-Rashba (a) and Dresselhaus (b) spin-orbit interaction for 
the [100]-oriented device. The solid lines in (a) and (b) are linear fits to the 
experimental data. From the slope, the modification rate of hRz and hDz is obtained. (c) 
Absolute values of mRz and mDz obtained from the linear fits of the out-of-plane iSOFs 
for devices along [100] and [010] directions. The error bars in (c) are standard 
deviation from the linear fits. 
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Figure S1 | VG - IG characterization of the Schottky barrier and simulated carrier distribution in 
n-GaAs. (a) Schematic cross section of the device used for Fig. 2a. A microwave current jFe passes 
through the Fe stripe and an inductive microwave current is induced in the non-depleted n-GaAs. To 
tune the interfacial spin-orbit interaction, a bias current IG is applied from the middle Fe stripe to the 
remote side contact, and the corresponding interfacial gate-voltage VG is measured between the middle 
Fe stripe and another remote side contact. (b) VG - IG characteristics of the Schottky junction with 
microwave on and off. (c) Simulated carrier distribution profile of n-GaAs at different VG. 
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Figure S2 | Determination of microwave current distribution in Fe/n-GaAs using COMSOL 5.3  
(a) The current density distribution in Fe/n-GaAs stack is calculated by using the COMSOL 5.3 finite 
elements method software (RF Module). The stack is modeled in 3D using a triangular mesh with a 
maximum feature size of 3 nm for discretization. The sample size for simulation is scaled down to 8 × 
1 m2, and, for clarity, the schematic shown in (a) is further reduced down to 0.8 × 0.1 m2. In the 
simulation, the applied microwave power is 10 W and the excitation frequency is varied from 5 GHz 
to 20 GHz. The conductivity of Fe and non-depleted GaAs is set to 3.5×106 S/m and 5.2×103 S/m, 
respectively. To simplify the calculations, the carrier distribution of GaAs under different VG is 
assumed to be a step function distribution as indicated by the dashed lines in Fig. S1c. (b) Calculated 
ratio of the current density in the Fe layer jFe in relation to the total current density jFe+jn-GaAs, 
jFe/(jFe+jn-GaAs), as a function of microwave frequency. Here, jn-GaAs is the inductive microwave current 
density in un-depleted n-GaAs. One can see that most of the current flows in the Fe layer, and the 
inductive current in non-depleted n-GaAs is negligibly small.  
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1. Microwave current distribution in Fe/n-GaAs 
  There could be three kinds of driving forces for magnetization dynamics, which are determined by 
the microwave current distribution in the Fe layer and the un-depleted n-GaAs: one is the interfacial 
spin-orbit field due to the current flow in Fe, and the other two are the Oersted field hOe and the 
Dresselhaus field hDbulk due to the current flow in the un-depleted n-GaAs. Note that the Dresselhaus 
field in the bulk of n-GaAs hDbulk is essentially different from the interfacial Dresselhaus field at the 
Fe/GaAs interface discussed in the main text. To minimize hOe and hDbulk, the sample layout is designed 
by reducing the thickness (275 nm) and carrier concentration (4×1016 cm3) of n-GaAs. Figure S2b 
shows the COMSOL simulation results1 of the ratio of the current density in Fe jFe with respect to the 
total current density jFe+jn-GaAs, jFe/(jFe+ jn-GaAs), as a function of microwave frequency. Here jn-GaAs is 
the inductive current density in un-depleted n-GaAs. The magnitude of jFe/(jFe+ jn-GaAs) is ~ 1, with a 
variation far less than 1% in the whole frequency range. This indicates that most of the microwave 
current flows in the Fe layer, and the inductive current flow in the un-depleted n-GaAs is negligibly 
small. 
   
Figure S3 | Calibration of the microwave current using Joule heating induced resistance change. 
(a) Resistance of the Fe layer as a function of microwave input power measured at a small d.c. current 
of 10 A. (b) Resistance of the Fe layer as a function of d.c. current. 
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  The actual microwave current density jFe is calibrated by the Joule heating induced resistance 
increase2. Figure S3a shows the resistance of the Fe stripe as a function of microwave power with the 
application of a d.c. current of 10 A, and the same measurement is done by changing the magnitude 
of d.c. current as shown in Fig. S3b. By comparing the resistance change in Figs. S3a and b, the 
microwave current is determined to be 0.4 mA, and the corresponding microwave current density jFe is 
1×1010 Am2.  
  By using jFe/jn-GaAs of 2×104 (Fig. S2b) and jFe of 1×1010 Am2, jn-GaAs is determined to be 5×105 
Am2. The Oersted field hOe can be calculated by 0hOe = 0jn-GaAsdn-GaAs/2, which is 0.05 T by using 
dn-GaAs of 170 nm (Fig. S1c). In comparison with the previous measurement in (Ga,Mn)As2, the 
Dresselhaus field hDbulk in bulk un-depleted GaAs can be estimated to be 103 T. The magnitude of 
hOe and hDbulk is three orders smaller than hRI and hDI obtained in the main text (note that, due to the 
finite spacing between the Fe layer and the un-depleted n-GaAs, the effective current-induced fields in 
n-GaAs acting on Fe can be even smaller.). These results indicate that a possible excitation induced by 
inductive microwave current in the un-depleted n-GaAs is negligible, and the main driving force is the 
spin-orbit field at the Fe/GaAs interface.  
 The simulation shown in Fig. S2b suggests that the value of jFe/(jFe+ jn-GaAs) ~ 1 with variations of the 
amplitude far less than 1% for different VG. This indicates that the microwave current density in Fe is 
almost independent of VG. Here, we further exclude this possibility that modification of hR and hD is 
due to modulation of microwave current density as follows:  
  If the modification of hR and hD would be really due to a modulation of the microwave current 
density jFe, the following form of the current density would be expected: jFe = j0Fe(1+ mVG) with m 
defining the modification rate of jFe and j0Fe is jFe at VG = 0 V. In this case one can re-write Eq. 3 of the 
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main text as  
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                       (S1) 
Here hRI and hDI are the in-plane Rashba and Dresselhaus iSOF at 0 V with |hRI| ~ |hDI| (see Figs. 3a 
and b in the main text). Therefore, the modification rate of Rashba-iSOF mRI and Dresselhaus-iSOF 
mDI due to the modulation of jFe would be  
                              |mRI|=|mhRI|, |mDI|=|mhDI|,                                          (S2)                
Since |hRI| ~ |hDI|, we should have |mRI| ~ |mDI|. However, our experimental results show that |mRI| is ~ 
5 times larger than |mDI|, being at odds with the above assumption. Therefore, we exclude the 
possibility that the modification of hR and hD is due to a modulation of the microwave current density 
jFe. 
 
2. Bias-voltage dependence of resonance field, linewidth and anisotropic 
magneto-resistance 
  Figure S4 shows the gate-voltage VG dependence of the resonance field HR and the linewidth H. 
One can see that both HR and H are independent of VG, indicating that the magnetic properties of Fe, 
e.g, the magnitude of M, Re(I) and Im(aO), are not modulated by the electric-field. This can be 
reasonably understood as the follows: the capacitance C of a Schottky contact3 is estimated to be ~ 
107 Fcm2, and the modulation of the interfacial electron density can be expressed by n = (C/e)VG, 
where e is the electronic charge. Under a gate-voltage of 1 V, |n| is determined to be ~ 1012 cm2, 
which is at least three orders of magnitude smaller than the sheet carrier concentration of bulk Fe. We 
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also confirm in Fig. S5 that the magnitude of the anisotropic resistance is independent of gate-voltage.  
 
 
Figure S4 | Gate-voltage dependence of resonance field and linewidth. Magnetic-field angle H 
dependence of resonance field HR (a) and linewidth H (b) under different gate-voltages for the 
[100]-orientated device. By fitting the H dependence of HR, one can obtain the magnitude of the 
effective perpendicular magnetic anisotropy field 0HK of 1506.5 mT, the biaxial magnetic anisotropy 
field 0HB of 34.0 mT, the uniaxial magnetic anisotropy field 0HU of 72.0 mT and the Landé g factor 
of 2.06. The inset of (a) shows H as a function of magnetization angle M. By fitting the H 
dependence of H, the damping constant is obtained to be 0.0033. 
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Figure S5 | Gate-voltage dependence of the anisotropic magneto-resistance. M dependence of the 
resistivity of the [110]-orientated device, which is gate-voltage VG independent. In the measurement, 
an external magnetic field of 1 T has been used, which leads to M = H. The solid line is a fit, from 
which the magnitude of anisotropic magneto-resistance,  = // , is determined to be 1.1×109 
m. 
 
Figure S6 | Symmetry of d.c. voltage with respect to positive and negative magnetic-field. (a) 
Magnetization angle M dependence of Va-sym(H) and Va-sym(+H) for a [100]-orientated device, which 
shows Va-sym(H) = Va-sym(+H). (b) M dependence of Vsym(H) and Vsym(+H), which shows Vsym(H) 
= Vsym(+H). The solid lines in (a) and (b) are fits according to Eqs. (3) and (4), respectively. The 
thickness of the sample is 5 nm, which is measured at a frequency of 11 GHz with a microwave power 
of 168 mW. 
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3. Symmetry of iSOFs with respect to positive and negative magnetic field  
  The magnitude of Va-sym(H) and Va-sym(+H) as a function of magnetization angle M is shown in 
Figure S6a, one can see the symmetry of Va-sym(H) = Va-sym(+H); while for Vsym, shown in Figure 
S6b, one can see that Vsym(H) = Vsym(+H) holds. This is because Va-sym is induced by in-plane 
iSOFs hI (see Eq. 3 in the main text), which only depends on the current direction with symmetry 
hI(H) = hI(+H); on the other hand Vsym is induced by out-of-plane SOFs hO, being anti-dampling like 
and having the symmetry hO(H) = hO(+H) (see Fig. 4 of Ref. 4). 
 
4. Electric-field control of iSOFs for another sample 
   We have measured another sample consisting the following layers: Fe (1.3 nm)/n+-GaAs (10 nm, 
5×1017 cm-3)/n+→n-GaAs (15 nm)/n-GaAs (250 nm, 4×1016 cm-3). Here the doping level of n+-GaAs 
has been reduced by a factor of 2 to increase the width of the Schottky barrier. As shown in Fig. S7a, 
the interfacial resistance Rin of this sample is ~ 8 times larger than the sample presented in the main 
text (Fig. S1b). The gate-voltage dependences of iSOFs are shown from Fig. S7b to Fig. S7e and 
summarized in Table S1. One can see that the modification rate of each iSOF becomes smaller in 
comparison with the higher n+-doped sample. The smaller modification rate could result from the 
smaller change of Ein with VG, being due to the increased width of the Schottky barrier.  
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Figure S7 | Electric-field control of iSOFs for another sample consisting of the following layers: 
Fe (1.3 nm)/n+-GaAs (10 nm, 5×1017 cm-3)/n+→n-GaAs (15 nm)/n-GaAs (250 nm, 4×1016 cm-3) (a) 
VG - IG characterization of the Schottky barrier for the device orientated along [100]. The device 
dimension is 20 m × 50 m. VG dependence of in-plane Bychkov-Rashba (b), in-plane Dresselhaus 
(c) out-of-plane Bychkov-Rashba (d) and out-of-plane Dresselhaus (e) iSOF. 
tFe (nm) n+(cm-3) Rin (k/m2) |mRI| (T/V) |mDI| (T/V) |mRZ| (T/V) |mDZ| (T/V)
4.0 1×1018 0.19@0.5 V 10.7±0.5 2.0±0.2 8.4±0.9 4.3±1.0 
1.3 5×1017 0.86@0.5 V 5.2±0.2 1.4±0.2 1.9±0.3 3.1±0.3 
 
Table S1. Comparison of electric-field effect on samples with different Fe thickness and n+ 
doping levels. 
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